Agnathan lampreys retain ancestral characteristics of vertebrates in the morphology of skeletal muscles derived from two mesodermal regions: trunk myotomes and unsegmented head mesoderm. During lamprey development, some populations of myoblasts migrate via pathways that differ from those of gnathostomes.
INTRODUCTION
The morphological variety and specialized functions of skeletal muscles provide vertebrates with highly organized body movements. The developmental processes of the skeletal muscles of birds and mammals have long been studied (Dietrich, '99; Noden et al., '99; Buckingham, 2001) . All the skeletal muscles except the pharyngeal and extraocular muscles in the head develop from segmental myotomes. In gnathostomes, myotomes split into epaxial and hypaxial muscles, separated by the horizontal septum, and innervated by dorsal (epaxial) and ventral (hypaxial) rami of the spinal nerves, respectively (Spo¨rle, 2001) . Some of the hypaxial myotomal cells undergo epithelialization and migrate a long distance to the location where they differentiate into multinuclear skeletal muscle cells. These migratory muscle cells give rise to the appendicular muscles, diaphragm, tongue, and trapezius (cucullaris) muscles in mammals (reviewed by Kuratani et al., 2002) .
Although the basic body plan of agnathans does not differ from that of gnathostomes (e.g., dorsal spinal cord, brain, notochord, vertebrae, cranium, and pharyngeal arches), there is a large difference between the skeletal muscle patterning of the two animal groups. Lamprey skeletal muscles do not exhibit epaxial/hypaxial differentiation, and migratory cell lineages have not been observed to generate appendicular and other muscles as in gnathostomes. Thus, the patterning mechanism of the skeletal muscles appears to have undergone a dramatic change during the transition from agnathan to gnathostome. In this study, we focus on the patterns of expression of muscle marker genes of agnathans and gnathostomes to obtain insights into the genetic change required to produce the gnathostome-specific developmental program. We selected actin and myosin heavy chain (MyHC) genes, known to be differentially expressed in different vertebrate muscle tissues, as muscle-specific markers suitable for our analysis.
In mammals, four muscle actin genes (a-skeletal, a-cardiac, a-vascular, and g-enteric) are differentially regulated in skeletal, cardiac, and smooth muscle cells (Vandekerckhove and Weber, '79) . Vertebrate muscle actins are more closely related to each other than to non-muscle actins, another group of actins that plays important roles in general cellular functions (see Fig. 2A ). The actin gene family is unreported in lampreys, although partial amino acid sequences were analyzed and the existence of one muscle actin type has been predicted (Vandekerckhove and Weber, '84) . Actin genes have been extensively studied in protochordates including ascidians (reviewed in Kusakabe, '97) and amphioxus (Bovenschulte and Weber, '97; Suzuki and Satoh, 2000; Kusakabe et al., '97a, '99b) . Ascidian and amphioxus muscle actins are closely related to the vertebrate muscle actins. In contrast, echinoderm muscle actins are more closely related to vertebrate non-muscle actins than they are to vertebrate muscle actins ( Fig. 2A ). It has been suggested that the vertebrate-type of muscle actins genes are one of the molecular-level synapomorphies shared by chordates. The conventional MyHCs that assemble to form filaments in muscle and non-muscle cells belong to class II of the large family of MyHC motor proteins (Sellers, '99). Different class II MyHC isoforms function in muscle and non-muscle cells. In contrast to actins, smooth muscle MyHCs are more closely related to non-muscle MyHCs than to striated muscle MyHCs (Goodson and Spudich, '93) . Humans have at least 16 class II MyHC genes, including two non-muscle, one smooth muscle, and 13 striated muscle-types MyHCs (Berg et al., 2001; Desjardins et al., 2002) . Although a vast number of nucleotide sequences of animal MyHCs have been registered in the database, many of them are partial due to the extraordinarily large size of MyHC genes: usually about six kilobases for the coding region alone. There has been no report of lamprey MyHC in protein or nucleotide levels. In the previous studies, we reported the regulatory function of upstream regions of striated muscle actin genes of the teleost, medaka Olyzias latipes (Kusakabe et al., '99a) . These regions can activate transcription in skeletal and cardiac muscle cells when introduced into Lethenteron japonicum embryos (Kusakabe et al., 2003) . Our results showed that the transcriptional regulatory mechanisms of striated muscle-specific actin genes are conserved between the lamprey and the medaka. To compare the gene family structures and the patterns of expression of muscle-specific genes of lamprey and gnathostomes, we characterize multiple actin and MyHC genes from the lamprey. The results shed light on the evolution of differential usage of contractile protein genes in muscle cells of vertebrates.
MATERIALS AND METHODS

Obtaining lamprey embryos
Ripe adults of the Japanese lamprey L. japonicum were purchased from the Ebetsu Fishermen's Association (Ebetsu, Hokkaido, Japan) and maintained at 101C. Spawning was induced and fry were reared to the appropriate developmental stages at 161 in fresh water or in 10% Steinberg's solution (Steinberg, '57) . Developmental stages were defined according to the description of Tahara ('88) for L. reissneri, a species closely related to L. japonicum.
RT-PCR and cDNA library screening
Total RNA (1 mg) of stage 25 L. japonicum embryos was used as the template to synthesize the first-strand cDNA using an oligo(dT) primer according to the manufacturer's protocol (Super-Script Preamplification System for First Strand cDNA synthesis, Life Technologies, Inc., Rockville, MD). Actin cDNA fragments were amplified from the first-strand cDNA by polymerase chain reaction (PCR) with oligonucleotide primers ACT-F2 (50-AATTGGGATGATATGGAGAA-30) and ACTR2 (50-ATCCACATTTGTTGGAAKGT-30; K . G or T) (Kusakabe et al., '97a) . Actin gene fragments corresponding to amino acids 78-357 of actin proteins were amplified (according to the numbering system in Vandekerckhove and Weber, '84) . The PCR products were subcloned into pBluescript II SK(t) (Stratagene), and sequencing was carried out using the dideoxy chain termination procedure (Sanger et al., '77) with an ABI Prism 310 and 3100 DNA Sequencers (Perkin-Elmer, Foster City, CA). cDNA fragments encoding a cytoplasmic actin (LjCA1) and two different muscle actins (LjMA1 and LjMA2) were identified.
Using LjMA1 and LjMA2 fragments as the probe, a L. japonicum larval head cDNA library (Ogasawara et al., 2000) and stage 24-26 embryonic cDNA library were screened. The probe was labeled with digoxigenin (DIG)-dUTP using the DIG-High prime (Roche). The hybridization was performed in 50% formamide, 5xSSC, 0.1% Nlauroylsarcosine, 0.02% SDS, and 2% blocking reagent (Roche) at 42 1C. Washes were 2xSSC and 0.1% SDS, used twice for 15 min at 50 1C. Detection was carried out with the DIG Nucleic Acid Detection Kit (Roche) according to the manufacturer's instructions. Positive clones were in vivo excised into pBluescript SK(-) (Stratagene) and sequenced as described above.
Multiple cDNA fragments with homology to vertebrate class II MyHC genes were found in the EST (expressed sequence tag) database of L. japonicum stage 24-26 embryonic cDNA plasmid library. For each myosin gene, plasmid clones containing the longest insert were selected and fully sequenced as described above. All lamprey gene sequences reported in this paper were registered in GenBank/EMBL/DDBJ under accession numbers shown in Figures 2A and 5A .
Molecular phylogenetic analysis
The L. japonicum actin and MyHC cDNA sequences were compared using the GenetyxMac program (version 11.0, Software Development) and deduced amino acid sequences were aligned with those of other animals and a plant using the Clustal W program (Thompson et al., '94) . Phylogenetic trees were constructed using the neighborjoining (NJ) method (Saiou and Nei, '87). One thousand bootstrap analyses were performed for the phylogenetic analysis. Maximum-likelihood (ML) trees (Felsenstein, '81) were reconstructed by the quartet puzzling algorithm using the TREE-PUZZLE program (Strimmer and von Haeseker, '96) . Reliability values for each internal branch expressed in percent how often the corresponding cluster was found among the 1000 intermediate trees. Previously published sequences were obtained from GenBank/EMBL/ DDBJ and used for amino acid comparison and phylogenetic analyses. The accession numbers for previously published sequences are indicated in Figures 2A and 5A .
In situ hybridization
Whole-mount in situ hybiridization of lamprey embryos was performed as described in Ogasawara et al. (2000) . For actin genes, probes were designed to correspond exclusively to the 30 untranslated regions (UTR) of each gene to avoid cross-hybridization. For MyHC genes, probes contained the whole 30UTR plus a 30 part of coding sequences. Each probe was between 200 and 500 bp long.
RESULTS
Characterization of lamprey actin cDNAs cDNA clones coding for three different actin genes were isolated from embryonic and larval cDNA libraries of L. japonicum. All three cDNAs contained parts of 50UTR, full open reading frame (ORF), and 30UTR. To elucidate the evolutionary relationships of actin isoforms of lamprey and other chordates, we compared isoform-specific amino acid residues ( Fig. 1 ) and constructed phylogenetic trees (Fig. 2) . The 21 amino acid residues shown in Figure 1 differ among mammalian a-skeletal and cytoplasmic actins (Vandekerckhove and Weber, '84) . The amino acid position 89 was included, as it is diagnostic to smooth muscle isoforms. For chordates, actin proteins can be tentatively categorized to different isoforms by comparing amino acid residues at these positions (Kusakabe, '97; Kovilur et al., '93; Kusakabe et al., '97a) . The two lamprey actins that shared all, or 20, of these 21 residues with mammalian muscle actins were identified as being of muscle-type and named LjMA1and LjMA2, respectively. The other lamprey actin shared all of the 21 residues with mammalian non-muscle actins and was named LjCA1. The ratio of LjMA1 transcripts contained in the embryonic cDNA library was low. Of 19 positive clones obtained in our embryonic cDNA library screening using the LjMA1 fragment as the probe, only one corresponded to LjMA1 and the rest to LjMA2. Full amino acid sequences of actin proteins were used to produce the phylogenetic tree using the NJ method ( Fig. 2A ). The node closest to the outgroup Arabidopsis thaliana actin tied two large clusters: one exclusively consisting of chordate muscle actins and the other of non-muscle actins plus non-chordate muscle actins. Consistent with the results of the comparison of amino acid residues described above, LjCA1 was grouped with the vertebrate non-muscle actins, whereas LjMA1 and LjMA2 were placed in the chordate muscle actin clade. Within the muscle clade, LjMA1 was closely related to vertebrate smooth muscle actins, whereas LjMA2 was grouped with vertebrate striated muscle actins at a low bootstrap value. Consistently, at amino acid positions 17 and 89, LjMA1 had residues found in the mammalian smooth muscle actins, but not in striated muscle actins ( Fig. 1) . At amino acid position 17, LjMA2 possessed a Cys residue that is common in mammalian smooth muscle-and non-muscle actins, rather than a Val shared by the striated muscle actins of vertebrates (Vandekerckhove and Weber, '79) , ascidians (Kusakabe, '97; Chiba et al., 2003) , appendicularia (Nishino et al., 2000) , and amphioxus (Kusakabe et al., '97a; Suzuki and Satoh, 2000) . The Val at position 17 may have existed in the ancestral protein of chordate striated muscle actins, and been substituted by a Cys residue independently in the lamprey striated actin lineage. The grouping of LjMA2 with human and medaka (OlMA1 and OlMA2) striated muscle actins was supported by a low bootstrap value (around 20%). The monophyly of human and medaka striated muscle actins is supported by a relatively high bootstrap value (higher than 70%; data not shown; Kusakabe et al., '99a) . Thus, the low bootstrap value at the node of vertebrate striated muscle actin cluster (189/1000) appears to be due to the addition of LjMA2. To confirm the reliability of NJ tree, we carried out an additional phylogenetic analysis using the ML method ( Fig. 2B ). Again in this analysis, LjCA1 and LjMA1 were most closely related to vertebrate cytoplasmic and smooth muscle actins, respectively. However, unlike in NJ tree, LjMA2 was also grouped with vertebrate smooth muscle actins with a low reliability value (59%). Therefore, LjMA2 amino acid sequence contains both striated and smooth muscle-like characteristics, although its expression pattern strongly suggests that it is categorized as a striated muscle actin (see below).
Expression of lamprey actin genes throughout development
Expression patterns of LjMA1 and LjMA2 were analyzed by whole-mount in situ hybridization. As expected from the phylogenetic tree ( Fig. 2A) , LjMA2 was expressed exclusively in the skeletal and cardiac muscles (Fig. 3 ). This gene was not expressed earlier than stage 21, although somites have started to form by this stage (Fig. 3A) . Expression of LjMA2 started in several anterior somites at stage 22 (Fig. 3B) , and spread gradually to the caudal somites ( Fig. 3C ). At stage 24 ( Fig. 3D ), when the rostralmost myotomes start to split dorsoventrally, a faint expression was seen in the upper lip. These cells correspond to the primordium of the upper lip muscle already described in the literature (Sewertzoff, '16; Holland et al., '93; Kuratani et al., '97, 2001) . Subsequently, LjMA2 was expressed in the lower lip, as well as in more posteriorly located pharyngeal arch muscles (Fig. 3E ). Rostrally extending supra and infraoptic muscles, the myotomal muscles characteristic to lampreys (see discussion), expressed LjMA2 ( Fig. 3E) . At stage 25, the heart also started to express LjMA2 (Fig. 3E) . At stage 28, all the skeletal musculatures, including oral, velar, and other pharyngeal muscles, were marked by the expression of LjMA2 (Fig. 3F ). At the anmocoetes larval stage (Fig. 3G ), LjMA2 expression in the trunk region was faint, because the LjMA2-positive myotomal musculature extends ventrally and reduces in thickness to surround the gut. At this stage, LjMA2 was also expressed in the hypobranchial muscles, which are derived from the anterior myotomes. These muscles correspond to the tongue muscles of the gnathostomes, which take a distinctive migratory pathway from the anterior myotomes (Kuratani et al., '98, 2002 ; see discussion). Expression of another muscle actin gene, LjMA1, started in the cheek process of stage 23 embryos (Fig.  4A) . The mesodermal layer of this region probably raises skeletal muscles of the oral region (Kuratani et al., 2001 ). This early expression may mark the skeletal muscle precursor cells. At later stages, the upper lip muscles continuously expressed LjMA1 (Figs. 4B, D) . At stage 28, a strong and specific LjMA1 expression was seen in the digestive tract (esophagus) and the oral region (Figs. 4B, C) . Expression was also observed at the midline, dorsal to the developing gut along the rostrocaudal axis (Fig. 4C ). This may mark the presumptive dorsal aorta. Expression in the digestive tract spread caudally to the broad part of the gut of stage 30 embryos (Fig. 4E) . In our experiment, the breadth of the LjMA1-positive area of the gut varied in each individual. LjMA1 expression was not observed in the myotomal skeletal muscles. Thus, it is inferred that LjMA1 is the muscle actin gene with strong specificity for smooth muscle and for a part of skeletal muscle tissues of the head. Consistent with the low number of LjMA1 clones obtained from the cDNA library, the expression of this gene was generally much weaker than that of LjMA2 through all the developmental stages examined.
The non-muscle actin gene, LjCA1, was ubiquitously expressed in the whole body (data not shown), except for the developing myotomes in which LjMA2 was expressed at high levels. It is known that non-muscle actin isoforms of gnathostomes are downregulated in muscle cells, and a regulatory sequence involved in this downregulation has been identified in the mammalian b-actin gene '88) . Thus, the regulatory mechanism for non-muscle actin genes might be conserved between agnathans and gnathostomes.
Characterization of the lamprey myosin heavy chain cDNAs
We found multiple cDNA clones encoding MyHC proteins in the EST database of a stage 24 L. japonicum embryonic cDNA library. Among them, four different class II myosin heavy chain genes were identified and named LjMyHC1 through LjMyHC4. LjMyHC1 was identified as a cDNA clone containing the complete MyHC ORF. The other three LjMyHC genes were found as partial clones, lacking various lengths of 5'parts of ORFs. LjMyHC2 lacked the N-terminal sequence of the head domain and contained the complete rod domain. LjMyHC1 and LjMyHC2, both of which are of skeletal muscle-type (see below), had a short 3'UTR sequence of about 110 bp. However, no apparent similarity was found between these 3'UTR sequences. Both LjMyHC3 and LjMyHC4, for which only the 3'termini of C-terminal rod domain plus 3'UTRs were obtained, seemed to represent non-muscle isoforms, as suggested by our preliminary phylogenetic analysis (data not shown). To estimate the functions and phylogenetic positions of lamprey MyHCs, deduced amino acid sequences of C-terminal rod domains of LjMyHC1 and LjMyHC2 were compared with selected human and Ciona MyHCs using the NJ method (Fig. 5A ). The two lamprey MyHCs formed an exclusive cluster, which was most closely related to vertebrate fast skeletal muscle MyHCs. However, the cluster of LjMyHC1 and LjMyHC2 branched outside of all human fast skeletal MyHCs (IIa, IIb, IIx, and developmental isoforms). No lamprey isoform was found to correspond to any human fast skeletal MyHC. The same result was obtained from another tree constructed using the ML method (Fig. 5B) . In birds and mammals, multiple slow and fast MyHCs are differentially expressed in each muscle (reviewed in Wigmore and Evans, 2002) . It has also been reported that the bovine skeletal MyHC content of tongue and diaphragm, both of which are absent from lampreys, differs greatly from that in other skeletal muscles (see Kuratani et al., '97 for review of muscle morphology; Tanabe et al., '98) . Thus, the differential usage of fast skeletal myosin isoforms might be in parallel with the evolution of the complex morphology of the skeletal muscles of gnathostomes. Results from the phylogenetic analysis of the MyHCs provide new insights into protochordate MyHC evolution. Ascidian C. intestinalis genome contains six MyHC genes, among which Ci-MHC5 is expressed in the segmented tail muscles (Chiba et al., 2003) . This gene represents an isoform most closely related to vertebrate striated muscle MyHCs (Fig. 5 ). An MyHC that is specific to the adult body wall muscle (Ci-MHC3) is placed outside all the chordate striated muscle MyHCs. The ascidian body wall muscle consists of smooth muscle cells (Terakado and Obinata, '87), but the major structural proteins employed by these cells are of the striated muscle-type (Meedel and Hastings, '93; Endo et al., '96) . Thus, ascidian muscle MyHCs includes two types: those closely related to the vertebrate striated muscle MyHCs expressed in embryonic striated locomotory muscles, such as Ci-MHC5, and those that diverged early in evolution and are expressed in smooth muscle cells exhibiting some of the molecular characteristics of striated muscles, such as Ci-MHC3. None of the six Ciona MyHCs is clustered inside the vertebrate fast skeletal/cardiac MyHC clade (Fig. 5) . These results support the view that multiplied MyHCs expressed in vertebrate skeletal muscle may have evolved subsequent to the emergence of craniates (see discussion).
Expression of lamprey myosin heavy chain genes during lamprey development
The patterns of expression of LjMyHC1 and LjMyHC2 were analyzed by whole mount in situ hybridization. In the present study, only the LjMyHC1 expression pattern is presented, since LjMyHC1 and LjMyHC2 are expressed in almost identical spatiotemporal patterns (Fig. 6) . At stage 23, LjMyHC1 was specifically expressed in developing myotomes (Fig. 6A) . As development proceeded, myotomal expression of LjMyHC1 became stronger (Fig. 6B) . Significantly, no expression of LjMyHC1 was observed in skeletal muscles originating from the head mesoderm ( Fig. 6C) . At stage 29, when LjMA2 was expressed in many of the muscles derived from the head mesoderm (Fig. 3F) , LjMyHC1 was expressed only in the trunk myotomes, including those that grew rostrally to differentiate into the infraand supraoptic muscles (Fig. 6D) . At stage 30, LjMyHC1 was expressed in the ventrally extending trunk skeletal muscle (Fig. 6E) , supra-and infraoptic muscles (Fig. 6F) , and in the hypobranchial muscle (see discussion). Thus, LjMyHC1 and LjMyHC2 were expressed exclusively in myotomal skeletal muscles throughout development.
DISCUSSION
We characterized multiple cDNAs encoding contractile proteins in the lamprey, L. japonicum. We discussed our analyses from both phylogenetic and developmental points of view. The lamprey genes reported here may reflect the dual nature of this animal, both as a key animal positioned between protochordates and extant gnathostomes, and as a highly evolved agnathan species with a uniquely organized gene family structure and body plan.
Molecular phylogeny of actins and MyHCs
In Figure 7 we summarize the evolutionary history of chordate actin and MyHC genes inferred from this and previous studies (Vandekerckhove and Weber, '84; Oota and Saitou, '99; Kovilur et al., '93; Kusakabe et al., '97b) . One of the major new insights reflected in this scheme is that lampreys have already acquired a smooth muscle isoform. Vandekerckhove and Weber ('84) predicted the existence of a single actin gene expressed in the skeletal musculature of the lamprey L. fluviatilis on the basis of direct sequencing analysis of proteolytic peptides of actin proteins. In their analyses, smooth muscle-specific actin was not detected, which might probably be caused by the limited amount of protein product of this isoform. They concluded that the smooth muscle actin genes might have appeared after the divergence of chondrichthyes (Vandekerckhove and Weber, '84) . In this study, the lamprey actin gene LjMA1 was discovered as a putative smooth muscle actin isoform. Thus, an ancestral type of vertebrate smooth muscle actin seems to have evolved subsequent to the agnathan divergence from the protochordate ancestors, but before the agnathan/gnathostome divergence (Fig. 7) . Lampreys have invented MyHCs that are expressed in subpopulations of the skeletal muscles, but not in the cardiac muscle. Expressions of LjMyHC1 and LjMyHC2 were restricted to the somitic skeletal muscles, suggesting the existence of other MyHCs expressed in the head mesoderm. It is evident that lamprey somites and head mesoderms employ different regulatory mechanisms for MyHC genes. In addition, lamprey may possess a yet undiscovered MyHC gene that is expressed in the cardiac muscle.
Duplication of contractile protein genes and body plan innovation
Divergence of the multiple isoforms of actins and MyHCs is not synchronous through evolution (Fig. 7) . Actins for all four types of vertebrate muscles are closely related to each other and seem to have appeared following the divergence of vertebrates. This contrasts with striated and smooth muscle MyHCs that evolved independently from non-muscle MyHCs. Therefore, the evolution of animal muscle tissues may not be inferred directly from the phylogenetic data of structural genes, even by integrating multiple gene trees, as suggested by Oota and Saitou ('99) . One reason for this might lie in the fact that genes encoding relatively similar proteins are expressed differently in various types of muscles. Recent reports of genome-wide surveys of ascidian Ciona intestinalis muscle structural protein genes revealed that this animal contains 14 actin genes, consisting of six muscle-type and eight non-muscle-type genes, but no smooth muscle-type actin gene (Chiba et al., 2003) . Another ascidian species Halocynthia roretzi has tandemly linked muscle actin genes whose tail muscle-specific expression patterns resemble each other (Kusakabe, '97; Kusakabe et al., '95) . In this case, gene duplications seem to have occurred independently in several ascidian lineages, and the paralogues have not been subfunctionalized, but retain similar expression patterns. This type of gene duplications may allow rapid accumulation of gene products during the extremely accelerated development of ascidians, although they might not directly lead to a new body plan. In contrast, correlations can be found between muscle complexity and gene duplications for mammalian muscle actin isoforms. These isoforms are highly subfunctionalized, each specifically expressed in a single muscle cell type. Although the cardiac isoform is expressed both in cardiac and skeletal muscles early in development, its role is taken over by the skeletal isoform later in development (Buckingham, '92) . Another example is multiple fast skeletal muscle MyHCs in the gnathostomes, which probably have appeared after the divergence of craniates, as mentioned above. The regulatory regions of duplicated structural genes have undergone recent nucleotide substitutions that may provide a critical change in the patterns of expression of the downstream genes. Among vertebrate actins and MyHCs, lamprey cognates are of particular interest, since changes in gene expression patterns may reflect innovations in muscle tissues and body plan.
Characteristics of lamprey skeletalmusculature as visualized by actin and MyHC gene expression
Lamprey skeletal muscles have been visualized histochemically using AchE activity and immunochemically using CH-1 tropomyosin antibody (Kuratani et al., '97, '99) . These methods have revealed that lampreys do possess hypobranchial muscle that is probably homologous to the gnathostome tongue muscle derived from somites at the occipital level. Precursors of the lamprey hypobranchial muscle originate from several anterior somites and migrate ventrally along the caudal aspect of the pharyngeal arches (Neal, 1897; Kuratani et al., '97) . These cells reach the lateral aspect of the pharyngeal wall where they undergo segmentation and start to express the above-mentioned marker genes. Moreover, lamprey hypobranchial muscle is innervated by the hypoglossal nerve, as is the case in gnathostome tongue muscles.
In this study, lamprey actin genes (LjMA2) and MyHC genes (LjMyHC1 and LjMyHC2) were found to serve as effective skeletal muscle markers in visualizing lamprey muscle cells throughout development. Specifically, the pattern of expression of LjMA2 in the head region (Figs. 3D-G) illustrates the order of muscle formation from head mesoderm. The first head muscle differentiates in the upper lip, followed by the lower lip muscle that locates medially to the upper lip muscle. LjMA2 expression then spreads to the velum and caudal branchial arches in an anteriorto-posterior direction, staining adductor and constrictor muscles at each arch. Finally, the hypobranchial muscle, which arrives via the rostroventral pathway from occipital somites, expresses LjMA2 in a segmented pattern. The segmentation patterns of epibranchial and hypobranchial muscles of the lampreys apparently correspond to the locations of gill pores, and they have sometimes been mistaken as an evidence for the head mesoderm segmentation, a situation similar to the anterior somites of amphioxus (Neal, 1897; Neal and Rand, '46) . Expression of LjMyHC1 is absent in head mesoderm derivatives, and clearly visualizes specifically the trunk myotome derivatives (Fig. 6 ). Anterior myotomes, already expressing LjMyHC1, split dorsoventrally and extend rostrally to form supra-and infraoptic muscles. This is in clear contrast to the abovementioned hypobranchial muscle, which undergoes muscle differentiation after it has completed migration, as indicated by the retarded commencement of LjMA2 and LjMyHC1 expression. Thus, the epibranchial muscle of the lamprey is nothing more than segmented anterior myotomes that shift anteriorly to cover the head region, whereas the segmentation in hypobranchial muscle is acquired secondarily in a mass of undifferentiated myoblasts. In mammals, visualization of skeletal muscle precursors in limbs and tongue has been achieved using molecular probes such as the Lbx1 gene, an upstream regulator for the migratory lineage of hypaxial muscles (Dietrich et al., '99) . Other members of the gene cascade regulating migration, such as Pax-3, c-met, and HGF, have been extensively studied (reviewed by Birchmeier and Brohmann, 2000) . Characterization of these regulatory genes and their expression patterns in lamprey should provide us with information on the evolutionary pathway of complex skeletal muscle morphology in extant vertebrates.
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